We report on highly effective trapping of cold atoms by a new method for a stable single optical trap in the near-optical resonant regime. An optical trap with the near-optical resonance condition consists of not only the dipole but also the radiative forces, while a trap using a far-off resonance dominates only the dipole force. We estimate a near-optical resonant trap for ultracold rubidium atoms in the range between −0.373 and −2.23 THz from the resonance. The time dependence of the trapped atoms indicates some difference of the stable center-of-mass positions in the near-optical resonant trap, and also indicates that the differences are caused by the change of the equilibrium condition of the optical dipole and radiative forces. A stable position depends only on laser detuning due to the change in the radiative force; however, the position is ineffective against the change in the laser intensity, which results in a change in the radiative force.
I. INTRODUCTION
Optical control of particles and materials is one of the powerful techniques for investigating novel phenomena of media for precise observations in highly qualified isolations [1] . Because of the demonstration of the experimental observation using the optical control for atoms [2] , optical tweezer techniques are applied to broad research fields [3, 4] , dielectric and metal particles [5, 6] , and viruses and bacteria [7] . Moreover, these techniques as optomechanical engineering have been used for realizing precise allocation of atoms [8] , levitation of nanoparticles to investigate isolated thermal phenomena [9] , etc. Nevertheless, these optomechanics have been applied using the dipole forces only. The radiative force is not preferred because its scattering effect induces dephasing of quantum states, degradation of observation precision, and heating due to spontaneous emission with absorption [10] .
For fundamental research studies, optical forces have been developed in the research field of cold atoms because sufficient low density allows collision of atoms in the two-body problem so that experiments are in excellent agreement with theoretical predictions. A far-off resonant trap (FORT) has been investigated and applied for research fields involving cold-atom experiments [11] . The FORT, which has large detuning from the resonance with more than tens of THz typically, can hold cold atoms and quantum degenerates in any spin state for investigating collision properties [12] and spinor Bose-Einstein condensates (BECs) without heating and dephasing the quantum states [13] , and to change the shapes of the trap potential and spatial controls of the atoms [14, 15] . The applications of the researches in the FORT mainly involve the use of the dipole forces, called as optical dipole force trap. Moreover, although the near-optical resonant trap (NORT), which has a small detuning round of several tens of GHz to several THz, has been treated with * Electronic address: tojo@phys.chuo-u.ac.jp experimental difficulties because of heating, scattering, and dephasing beyond their perturbative conditions by the spontaneous emission [16, 17] , there is a possibility of using not only the dipole force but also the radiative force as the hybrid force trap.
In this work, we have investigated the hybrid potential, which consists of the dipole and radiative forces used in the NORT regime while detuning in the range of sub THz to several THz from the resonance. We evaluate the equilibrium trap conditions regardless of the radiative effect, and find that our experimental results of the equilibrium positions are in good agreement with the calculations of the threshold detuning under the condition of stable hybrid forces in a single optical trap.
II. THEORY
A. Dipole and radiative forces in the NORT The trap beam potential using laser light can be written by the Gaussian beam optics [18] . The electric field amplitude of the propagating beam along the z-axis near the Rayleigh region is approximated as
where w(z) = w 0 1 + (z/z 0 ) 2 is the radius of the beam, w 0 is the beam waist, z 0 = 1 2 kw 0 2 is the confocal parameter, and E 0 is the amplitude of the electric field at the center of the beam waist of the trap laser beam. The interaction between the atom and the trap laser beam produces the dipole and radiative forces in the atomic cloud in the trap region [19] . If the detuning of the laser from the atomic resonance δ is sufficiently larger than the natural width of the resonance Γ and the saturation parameter is as small as s = (µ 2 E 2 /2h 2 )/(δ 2 + Γ 2 /4) ≪ 1, the optical dipole and radiative forces at the beam axis F D and F R are approximated as 
where µ is the electric dipole moment of an atom and k z is the z-component of the wave vector. In the case of the FORT, the radiative force is negligible due to |δ| ≫ k z z 0 Γ/(4π) [16] . Therefore, the trap is called an optical dipole trap. However, in the case of the NORT, there is a possibility of the existence of an equilibrium condition with variables δ and z due to the presence of the radiative force. As a result, the dipole and radiative forces generate a hybrid trap potential and change the position of the potential minimum. The change in the position due to the hybrid trap forces from that in the optical dipole force is defined as an equilibrium position. The equilibrium position, or the displacement from the initial position, z eq is caused by the balance condition in Eqs.(2) and (3), and is expressed as the solution of the equation
Equation (4) indicates that |δ| > k 2 z w 0 2 Γ/(8π 2 ) in the presence of equilibrium. Figure 1 illustrates a typical geometry of the trapped cold atoms in the NORT. Owing to the radiative force potential, the total potential of the trap is modified as the hybrid potential from the dipole force potential. The change of the equilibrium position, indicated as z eq , generates variable oscillating motions of the trapped atoms from the initial position z = 0. We note that the equilibrium position is independent of the electric field amplitude E 0 .
B. Loading efficiency at a finite temperature in the NORT
Initial loading rate of a typical magneto-optical trap (MOT) to an optical trap depends on the profile of the trap beam, including the effect of gravity and the temperature of the cold atomic cloud [20] . While loading using an optical beam, the scholar potential generated by the dipole force determines the loading efficiency, and the vector potential generated by the radiative force affects along the beam axis. Owing to the depth of the dipole force potential, the loaded atoms can be trapped on the axis in spite of the existence of the vector potential. The optical dipole force potential in the case of sufficiently small saturation parameter s ≪ 1 can be expressed as
where I is the laser intensity, and I s = 2πhcγ/3λ 3 is the saturation intensity. The trap generated by a typical laser beam has a two-dimensional Gaussian profile on the cross section perpendicular to the beam axis. In the electric field of the trap, the trap potential near the Rayleigh region in Eq. (5) can be rewritten as
The net trap potential should be modified with an effect of the gravity as
is the compensated potential due to the gravity. The modified potential is determined by the profile of the trap beam. In the condition of a typical confinement of the horizontal trap beam for ultracold atoms, u g (z) can be approximated to be constant as u g0 [21] .
A thermal atomic cloud is generally loaded into the optical trap up to an energy of 1/10 of the potential depth [20, 21] . We regard the energy as the threshold limit below which the optical trap can hold lower-velocity atoms in accordance with the Maxwell-Boltzmann distribution at a finite temperature. The trapped number of atoms in unit length at z-axis is expressed as the cumulative distribution function of the Maxwell-Boltzmann distribution h MB (T, U (r)) from the atoms with the lowest velocity in the potential U (r) at a temperature of T . By using modified trap potential with an effect of the gravity, we can derive the total number of trapped atoms expressed as
where n 0 is the averaged density of the atomic cloud in the trap at a temperature of T , and r a is the radius of the atomic cloud.
III. EXPERIMENTAL SETUP A. Cooling setup
The experimental apparatus and procedure used for ultracold 87 Rb atoms are almost the same as those described in Ref. [21] , except for the optical trap system. We prepare cold 87 Rb atoms in a vacuum glass cell using a conventional MOT. After pre-cooling the Rb atoms, we turn off the magnetic-field gradient after the compression and start the polarization gradient cooling (PGC), which consists of two parts. In the first part, the detuning of the cooling laser is swept from −32 to −80 MHz with a decrease of the initial intensity by 1/4. The second part starts with a frequency jump of the laser locking point from the F ′ = 3 peak to the F ′ = 2, 3 crossover peak. This jump shift of −133 MHz enables large detuning. We use a commercially available laser servo controller (Vescent Photonics Inc., D2-125), which enables the frequency jump with a sample-and-hold circuit. The repump beam detuning is set to −123 MHz to obtain gray-molasses cooling [22, 23] . After the second part, 1.8 × 10
8 atoms at less than 5 µK are typically produced with the cancellation of the residual magnetic field using three Helmholtz coil pairs for highly effective PGC. The coil currents are finely adjusted to minimize the temperature in the molasses after the cooling in the second part. We estimate the residual field to be less than 50 mG. The optical trap beam is switched on after the atom cloud of diameter approximately 400 µm is cooled with the cooling and repump beams. The molasses and the optical trap beam are overlapped for 65 ms. In the absence of the overlap, the atoms in the molasses fall off and are separated from the optical trap. The loading of atoms is completed in this period. After loading in the optical trap, the cooling beams and repumping beams are turned off. We change the holding time from 10 to 300 ms to increase the hold time by 10 ms. At the end of holding time, the atoms are irradiated by the weak repumping beam, and almost all the atoms are pumped to the F = 2 state. The number of atom and the temperature of the atoms in the optical trap is measured through the absorption imaging after the time of flight.
B. The NORT apparatus Figure 2 shows the experimental setup of our NORT. The trap beam was generated from a semiconductor laser, and the detuning was adjusted from the D 2 line from −0.37 to −2.23 THz. The collimated trap laser beam passed through the expanding lens system, which consisted of a variable focus lens and two fixed focus lenses with f = 450 mm after passing through a singlemode optical fiber to clean up its spatial mode and to improve the spatial stability of the laser beam. The focal length of the variable lens was set at approximately 75 mm to achieve the focus condition at the center of the molasses cloud. The beam profile can be approximated to be a circle, and the focal point can be displaced by changing the focal length of the variable focus lens in the range of f = 60 -90 mm. The beam power was set between 7.8 and 62.4 mW with linear polarization along the horizontal axis. The range of the potential depths was estimated to be from k B × 20 to k B × 300 µK. The volume and depth of the trap were dominant for the loading efficiency from the ultracold atomic clouds in the optical molasses condition [21] . By using a tilted 785-nm bandpass filter, we reduce the scattering and heating effects from the resonance of the D 2 line in the NORT.
IV. RESULTS AND DISCUSSION
We measure the remaining number of atoms in the NORT for 20 ms after loading under changes in the focal length of the variable focus lens in the range from 60 to 91 mm with δ = −1.256 THz for the detuning of the trap laser and 15.6, 31.2, 46.8, and 62.4 mW of laser power, as shown in Fig. 3 (a) . Each point represents a typical average over three samples, with the standard deviation as the error bar. The observed temperatures in the NORT are typically below 10 µK. The dependence of the number of trapped atoms on the focal length of the variable focus lens shows a symmetricity centered around the focal point in the trap laser beam. When the laser power is high, there are two maximum peaks for the number of trapped atoms, whereas only a single peak is observed for low power values of the laser.
We have numerically calculated the number of trapped atoms using the cumulative distribution function of the Maxwell-Boltzmann distribution for a temperature of 10 µK for the atomic clouds, as expressed in Eq. (7). Figure  3 (b) shows the calculation results with one fitting parameter normalized to compensate for the average number of atoms in the two peaks in the experiment with 62.4 mW of the NORT intensity. The trap efficiency is affected by gravity owing to the shallow depth of the potential in the branch side of the optical trap, which reduces the number of trapped atoms in the branch corresponding to a typical difference of 1 µK. With respect to the potential of the NORT, the radiative force generates the vector potential along the beam axis, whereas the dipole force constructs the scalar potential gathering cold atoms in the initial holding positions. Owing to the characteristics of the vector potential in the NORT, the potential depth in the radial direction remains unchanged, whereas that in the axial direction is modified. The displacement of the atomic cloud is insensitive to the efficiency of atom trapping in the NORT. The calculation results are in good agreement with the experiments, especially when the two maximum peaks can be explained as large trapping volumes that are dominant in the higher power regime. In the case of low power, the calculation results are comparable to those of the experiments for the number of atoms in the trap, although there are some differences for the dependence on focal length. The potential depth of the trap in the low power regime is sensitive to the beam profile of the trap, such as the spatial mode and tilted angle from the horizontal plane of the beam, which reduces the total trap depth generated by the dipole force. The agreements between the calculations and experiments indicate that the dipole force of the NORT determines the efficiency of initial atom trapping, whereas the radiative force has no such effect.
We have measured the time evolution of the trapped atomic cloud in the NORT. The trapped atoms start to move in the trap along the general axial direction. The hybrid trap of the NORT that consists of both the radiative and dipole forces produces an additional radiative force on the atoms as compared to the FORT beam. However, when the length is less than 75 mm, the atoms move to negative side. We confirm that there are limitations to the amplitude for the negative region regardless of the fact that there are no limitations in the positive region. Owing to the vector potential of the NORT, the radiative force deforms the trap potential along the beam axis. In the region of the Rayleigh length, the behaviors of atoms initially located at off-focus points can be regarded as a cosine function. Therefore, in Fig. 4 , we fit the experimental data with the function
where ω is the angular frequency of the oscillation, z 1 is the offset value of the oscillation, and A is the oscillation amplitude of the atomic cloud in the NORT. We consider that the trapped atoms at the initial positions with approximately zero velocity start oscillating in the NORT harmonically with the oscillator potential for θ = π.
We have studied the dependence of the amplitudes A from Fig. 4 on the focal length. By linearly fitting the amplitudes A depending on the focal length f , we can find the equilibrium focal length at the zero-crossing point as A = 0 and then estimate f = 75.08 mm for δ = −1.256 THz. In the case of A = 0, the atomic cloud tends to stay at the initial position because of the cancellation of the dipole and radiative forces of the NORT in equilibrium condition. The equilibrium focal length is regarded as the most stable position to hold the atoms for a longer trap time. We note that we have fitted the amplitude in the range of more than a few millimeters away from the focus in the initial position and confirmed larger amplitudes with non-harmonic oscillations rather than cosine oscillations. Figure 5 shows the equilibrium focal length for each frequency of detuning derived from estimation of the nonoscillation focal length with A = 0 for each trap time dependence of the center-of-mass positions as those in Fig. 4 . For the purpose of compensation for the same trap depth, the laser power values of the NORT are set to 7.8, 17.5, 25.3, 32.5, 43.4, 52.2, and 65.1 mW, corresponding to the frequency detunings δ = −0.373, −0.668, −0.962, −1.256, −1.598, −1.891, and −2.232 THz, respectively. The equilibrium focal lengths near resonance under |δ| < 1.0 THz suddenly decrease with decrease of the absolute detuning |δ|, whereas those in |δ| > 1.0 THz slightly decrease. We fit the detuning dependence of the equilibrium focal length using Eq. (4) with z eq = f 0 − f , where f 0 is the asymptote focal length. The asymptote to the value of f 0 = 75.6 ± 0.3 mm is close to the focus of the trap beam in the far-off resonant regime. We have confirmed that there is no equilibrium condition in threshold conditions close to the resonance of δ ∼ −0.15 THz in our experiments, and the results are comparable to the fitting values of the divergence condition in the detuning case of δ 0 = −0.100 ± 0.003 THz. The threshold for the divergence is determined by the confocal parameter z 0 and the detuning δ, as expressed by Eq. (4), and it is insensitive to the laser power.
The radiative force in small detunings can generate not only an additional force of the optical trap but also the undesired heating effect caused by the photon scattering. Figure 6 shows the detuning dependence of the inverse time constants of the trapped atoms with the equilibrium focal conditions, and that of the photon scattering rate of the NORT. The experimental results are fitted by the single exponential function owing to one body loss of the trapped atoms in our experimental condition [21] . In the condition of δ < 1.0 THz, the inverse time constant increases owing to the large effect of the radiative force, as shown in Fig. 6 . The detuning dependence of the inverse time constants is similar to that of the photon scattering rates. Nevertheless, the quantitative differences in the inverse of time constant in δ < 1.0 THz are only a few factors of magnitude larger than those in δ < 1.0 THz. The results indicate that the NORT in the hybrid trap condition near detuning from sub-to several THz can be applied to ultracold experiments. The ratio of the equilibrium displacement to the confocal parameter, defined as R = z eq /z 0 , informs us of the experimental conditions for realization of the hybrid trap system. In our NORT system, we can estimate the experimental value of R = 0.030 with z eq = 94 µm at δ = −2.23 THz, and R = 0.40 with z eq = 1.26 mm at δ = −0.373 THz. The results are comparable to the calculation results: R = 0.068 with z eq = 215 µm at δ = −2.23 THz and R = 0.51 with z eq = 1.61 mm at δ = −0.373 THz, respectively. The values of R at the NORT are one or two orders of magnitude larger than those in the FORT for the same optical conditions; e.g., in the system using λ = 1064 nm, R = 0.0015 generates z eq = 6.33 µm at δ = −102 THz in our trap system. It is roughly estimated that the threshold for the realization of the hybrid trap regime is R > 0.01 for the condition where the range of the Rayleigh length in a single trap is a few millimeters. The NORT system has large advantages in comparison with the FORT system because in large detunings the value R is approximately proportional to 1/|δ| and is independent of the laser power. The sensitivity to the confocal parameter indicates that the radiative force can help the typical off-resonant trap with additional degrees of freedom as the spatial mode, such as the Laguerre-Gaussian mode [24, 25] . In addition, the trap system used in the typical FORT with large R can be realized with a large value of the confocal parameter; e.g., R > 0.1 generates z eq = 40.1 mm with z 0 = 339 mm in δ = −102 THz with f = 500 mm and 1 mm of the beam radius. Regardless of the large |δ| traps such as the FORT and the general optical tweezer, the hybrid trap can be applied for precise optical control of not only atoms but also nanoscopic and mesoscopic media owing to the effect of the remaining radiative force on the optical trap potential.
V. CONCLUSION
We have achieved a new method of hybrid optical trapping, which consists of both the dipole and radiative forces, using the near optical resonant regime called NORT. We have measured the number of trapped atoms depending on the focal length of the trap and oscillation behaviors in the NORT depending on the detuning of the trap laser with atomic resonance. We have calculated the number of atoms using Gaussian beams with the cumulative function of the Maxwell-Boltzmann distribution at finite temperature. The calculated results are in good agreement with the experiments and express the larger number of atoms located at off-focus positions. We have estimated the equilibrium position using the hybrid trap and confirmed its power-independent position by comparisons between the experiments and calculations. This hybrid trap has a threshold detuning of |δ| > k 2 z w 0 2 Γ/(8π 2 ) and is modified to the trap potential with displacements along the beam propagation axis, which is insensitive to the trap laser beam power. The novel optical tweezer system including the radiative force can be applied to precisely control nano-and microparticles and mesoscopic media in use of multiple traps and higher spatial mode of the trap beams.
